Close contact with an influenza patient increases the risk of subsequent infection. In such cases, antiviral chemoprophylaxis should be considered for persons at high risk from serious illness or death related to influenza (the elderly, those with chronic respiratory illness or metabolic disorders including diabetes mellitus, chronic heart disease, and immunodeficiency) [1, 2] .
A single administration of laninamivir octanoate, a longacting neuraminidase inhibitor, has been demonstrated to be an effective treatment for influenza [3] [4] [5] , while oseltamivir and zanamivir need repeated administration, twice daily for 5 days. In Japan, laninamivir octanoate has been used widely not only because of its high level of efficacy and safety but also because of its convenience [6] [7] [8] .
For the post-exposure prophylaxis of influenza, the inhalation of 20 mg of laninamivir octanoate once daily for 2 or 3 days effectively prevented the development of influenza through household contacts in a study conducted during the 2011-2012 influenza season [9] . However, it was not demonstrated that a single inhalation of laninamivir octanoate was effective for post-exposure prophylaxis. In a study conducted during the 2009 influenza pandemic season, the inhalation of 20 or 40 mg of laninamivir octanoate once a week reduced the proportion of patients who developed influenza (relative risk reduction [RRR] compared with placebo, 45.8% and 43.2%, respectively), but the differences with placebo were not significant [10] . A pharmacokinetics finding that a relatively high laninamivir concentration persisted in the lungs for 10 days after a single inhalation [11] suggested that a single inhalation of laninamivir octanoate may be effective for post-exposure prophylaxis. This study was conducted to evaluate the efficacy of a single inhalation of 40 mg of laninamivir octanoate as post-exposure prophylaxis for household contacts.
Japan between November 2014 and March 2015. The protocol and accompanying documents are available with the full text of this article at http://cid.oxfordjournals.org. The protocol was reviewed and approved by all applicable ethics and regulatory committees and formulated in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines [12] . All index patients and participants provided written informed consent.
Study Population
Eligible participants were family members who had cohabited with the index patient within 48 hours of symptom onset. Participants were enrolled in the study if they were found not to have influenza, had an axillary temperature ≤36.9°C, had no influenza-like symptoms, and were aged ≥10 years at the time of enrollment. The main exclusion criteria were as follows: other family members in addition to the index patient infected before completing the enrollment process; history of hypersensitivity to neuraminidase inhibitors; treatment with a corticosteroid or other immunosuppressant; or treatment with a neuraminidase inhibitor within the previous 4 weeks. Pregnant women, lactating women, and women who wished to become pregnant during the study period were also excluded. The index patient was the first household member infected with influenza A or B virus in the 2014-2015 influenza season. The infection of the index patient was diagnosed using a rapid influenza antigen detection test. The protocol for the treatment of the index patients was standardized to exclude any possible influence on the efficacy evaluation of the study drug. The index patients, except for teenagers, were treated with oseltamivir; teenagers were treated with zanamivir because a regulatory advisory had been issued in Japan to restrict oseltamivir use in children aged 10-19 years because of safety concerns in relation to abnormal behavior.
Randomization and Blinding
Participants were randomly assigned to 1 of 3 treatments in a 1:1:1 ratio on an individual basis. The treatment groups were as follows: 40 mg of laninamivir octanoate, single administration (40SD); 20 mg of laninamivir octanoate, once daily for 2 days (20TD); and placebo. The 40SD group was treated with 40 mg of laninamivir octanoate on day 1 and with placebo on day 2. The 20SD group was treated with 20 mg of laninamivir octanoate on days 1 and 2, with placebo given as the second administration on both days. The placebo group was likewise treated with placebo administered twice on days 1 and 2. Laninamivir octanoate or an identically packaged placebo, both containing lactose as the base excipient, was administrated by self-activated inhalation. A computer-generated block random allocation sequence was provided by Bell Medical Solutions Inc. (Tokyo, Japan) and was stratified according to virus type, determined by a rapid influenza antigen detection test, of the index patient and the participant′s influenza vaccination status in the 2014-2015 influenza season. If the eligibility of the participant was confirmed, the investigator accessed the interactive web response system and was notified of the allocation number of the test drug, which was individually packaged and numbered. The participants, index patients, investigators, and study personnel were blinded to the group assignment throughout the study.
Study Procedures
For all index patients, nasopharyngeal swabs were taken on day 1 for the detection of influenza virus. For all participants, nasopharyngeal swabs were taken on days 1, 3, and 11. When a participant developed a temperature of at least 37.5°C or another symptom (headache, myalgia/arthralgia, fatigue, chills/sweats, nasal symptoms, sore throat, and cough) between day 1 and day 10, they were requested to visit the study site as soon as possible, where swabs were obtained for the detection of influenza virus. Participants who were diagnosed with influenza virus infection at this visit were provided with appropriate treatment and did not receive any subsequent doses of the test drugs. Participants recorded their axillary temperature and the severity of their symptoms (headache, myalgia/arthralgia, fatigue, chills/ sweats, nasal symptoms, sore throat, and cough) twice daily from day 1 to day 11. The severity of each symptom was graded into 4 categories (0, absent; 1, mild; 2, moderate; 3, severe). For the efficacy outcomes, the severity categories 2 and 3 were defined as the presence of the symptom. Hematology, blood chemistry, and urinalysis were performed on days 1 and 11 for the safety assessment.
Laboratory Virological Testing
Each swab was placed in a sample tube containing viral transport medium and transferred to a test laboratory. Influenza virus was confirmed by determining the influenza type and subtype by reverse transcriptase-polymerase chain reaction with specific primers designed from the hemagglutinin sequences of the influenza seasonal influenza A(H1N1), influenza A (H3N2), and influenza B viruses in accordance with the manual published by the National Institute of Infectious Diseases of Japan [13] . The specific primers for influenza A(H1N1)pdm09 were designed by making a minor modification to the method described in the manual published by the Centers for Disease Control and Prevention [14] . Laboratory virological tests were performed at LSI Medience Corporation (Tokyo, Japan).
Efficacy Outcomes
The primary endpoint was the proportion of participants who developed clinical influenza between day 1 and day 11. Clinical influenza was defined as influenza virus positive, an axillary temperature >37.5°C, and at least 2 symptoms with a score 2 or 3. The secondary endpoints were symptomatic influenza, asymptomatic influenza, and influenza infection. Symptomatic influenza was defined as influenza virus positive and an accompanying axillary temperature >37.5°C or at least 1 symptom with a score 2 or 3. Asymptomatic influenza was defined as influenza virus positive, but without an axillary temperature >37.5°C or any symptoms with a score 2 or 3. Influenza infection was defined as laboratory-confirmed influenza, regardless of axillary temperature or symptom status.
Statistical Analyses
The sample size was calculated on the basis of the assumption that the proportion of participants with clinical influenza would be 3% for the laninamivir octanoate groups and 10% for the placebo group, based on previous prophylaxis studies of laninamivir octanoate and oseltamivir [9, 10, 15] . On this basis, 250 participants in each group were required to achieve an 80% power to detect the superiority of laninamivir octanoate over the placebo.
In the efficacy analysis, the full analysis set (FAS) based on the intention-to-treat principle was defined as the primary analysis set. Additional analyses were conducted for FAS index-infected (FASII) participants and FAS index-infected virus-negative at baseline (FASIINAB) participants. FASII was defined as participants in the FAS whose related index patient was confirmed to be positive for influenza virus at baseline on day 1. FASIINAB was defined as participants in the FAS who were negative for the influenza virus at baseline on day 1 and whose related index patient was confirmed to be positive for influenza virus at baseline on day 1. The safety analysis included all participants who received at least 1 dose of the study drug and who underwent at least 1 safety assessment. All analyses were performed using SAS System Release 9.2 (SAS Institute). All reported P values were 2-sided with a level of significance of P < .05.
The primary analysis was to compare the LO-40SD group and placebo group using the Fisher exact test with respect to the proportion of participants who developed clinical influenza. A total of 801 participants were included in the safety analysis set (267 participants in the LO-40SD group, 269 in the LO-20TD group, and 265 in the placebo group). More than 1 participant could be enrolled for each index patient. In this case, the index patient was counted once for each household contact who was enrolled. In fact, 687 index patients (the full analysis set [FAS]) were enrolled. Abbreviations: FASII, the full analysis set, index-infected; FASIINAB, the full analysis set, index-infected virus-negative at baseline; LO-20TD, 20 mg of laninamivir octanoate administered once daily for 2 days; LO-40SD, 40 mg of laninamivir octanoate, single administration.
The LO-20TD group was also compared with the placebo group using the same method as the secondary analysis. We also calculated the RRR compared with the placebo and the corresponding 95% confidence interval (CI). Symptomatic influenza, asymptomatic influenza, and laboratory-confirmed influenza infection were analyzed as the secondary endpoints in the same manner as for the primary endpoint. Additionally, we explored the consistency of the treatment effect on the primary endpoint in the prespecified subgroups.
This study is registered with JapicCTI (study number JapicCTI-142679).
RESULTS

Study Population
A total of 803 participants were enrolled in the study (Figure 1 ). Of these, 2 who discontinued before receiving treatment were excluded from all analyses. A total of 801 participants were included in the FAS (267, LO-40SD; 269, LO-20TD; 265, placebo). Of these, the FASII and FASIINAB consisted of 790 and 732 participants, respectively. The baseline characteristics of participants and index patients were well balanced among the 3 FAS groups. Most of the participants were aged 30-49 years and a parent of the index patient. Among the participants, 37.5%-38.1% were vaccinated in the 2014-2015 influenza season (Table 1) . More than 1 participant could be enrolled for each index patient. Of the 687 index patients, 584 were associated with 1 participant, 92 with 2 participants, and 11 with 3 participants in the FAS. Among all index patients, 670 were infected with the influenza A(H3N2) virus, 6 with influenza B, and 2 with influenza A(H1N1)pdm09.
Efficacy
In the FAS, the proportions of participants who contracted clinical influenza (defined as influenza virus positive, an axillary temperature >37.5°C, and at least 2 symptoms with a severity of grade 2 or 3), the primary endpoint, were 4.5% (12/267), 4.5% (12/269), and 12.1% (32/265) in the LO-40SD, LO-20TD, and placebo groups, respectively (Table 2 and Figure 2A) . Laninamivir octanoate significantly reduced the proportion of participants with clinical influenza compared with placebo (P = .001, P = .001, respectively). The protective efficacy of LO-40SD was comparable to that of LO-20TD, with RRRs compared with placebo of 62.8% (95% CI, 29.3 to 80.4) and 63.1% (95% CI, 29.8 to 80.5), respectively. Similar results were obtained in the FASII and FASIINAB (Table 2 and Figure 2B ). The proportions of participants with symptomatic influenza were 8.6% (23/267), 9.3% (25/269), and 18.9% (50/265) in the LO-40SD, LO-20TD, and placebo groups, respectively, and the proportions of participants with laboratory-confirmed influenza infection were 11.7% (29/248), 13.0% (32/247), and 25.3% (62/245), respectively, showing a significant reduction compared with placebo ( Table 2) . Abbreviations: FAS, the full analysis set; LO-20TD, 20 mg of laninamivir octanoate administered once daily for 2 days; LO-40SD, 40 mg of laninamivir octanoate, single administration; SD, standard deviation. a More than 1 participant could be enrolled for each index patient. In this case, the index patient was counted once for each household member who was enrolled. Of the 687 index patients (FAS) enrolled, 584 were associated with 1 participant, 92 with 2 participants, and 11 with 3 participants. In this table, the number "N" of household members and index patients in each treatment group is identical.
In the subgroup of participants whose related index patient was infected with the influenza A(H3N2) virus, laninamivir octanoate significantly reduced the proportion of participants infected with clinical influenza compared with placebo (Table 3) . In both the vaccinated and unvaccinated subgroups in the 2014-2015 influenza season, laninamivir octanoate reduced the proportion of participants who developed clinical influenza compared with placebo. A similar trend for protective efficacy was generally seen in the other subgroup categories examined in the prespecified subgroup analyses (Table 3) .
Safety
The incidence of adverse events was similar for the LO-40SD, LO-20TD, and placebo groups at 11.6% (31/267), 11.2% (30/ 269), and 12.1% (32/265), respectively. The most common adverse events were nasopharyngitis (3.4%, 3.0%, and 4.2%, respectively) and upper respiratory tract inflammation (1.1%, 1.5%, and 1.1%, respectively). The incidences of adverse events considered by the investigators to be drug related were 1.9% (5/267), 1.9% (5/ 269), and 1.5% (4/265), respectively. All of the adverse events were regarded as being mild or moderate in severity. No deaths, bronchospasm, or other serious adverse events were reported.
DISCUSSION
The proportion of participants with clinical influenza (defined as laboratory-confirmed influenza with a temperature of at least 37.5°C accompanied by at least 2 symptoms), the primary endpoint, in the LO-40SD group was significantly lower than that in the placebo group. The RRR compared with placebo in the LO-40SD group was 62.8%, which was similar to the 63.1% in the LO-20TD group. This suggests that a single administration of laninamivir octanoate 40 mg as post-exposure prophylaxis is effective for preventing the development of influenza through household contacts. The RRR compared with the placebo was comparable to that of laninamivir octanoate 20 mg for 2 days, which was proven to be effective for post-exposure prophylaxis in a previous study [9] .
The proportion of participants infected with influenza virus, the secondary endpoint, in the LO-40SD and LO-20TD groups was significantly lower than that in the placebo group, which shows that a single administration of laninamivir octanoate is effective in preventing the transmission of the influenza virus.
There are differences in the protective efficacies of laninamivir octanoate reported in other post-exposure prophylaxis studies. In a study of the 2009 influenza pandemic season, the proportions of participants with clinical influenza were 3.6% (7/197), 3.7% (7/ 188), and 6.6% (12/183) for the 20-mg weekly, 40-mg weekly, and placebo groups, respectively, with protective efficacies of 45.8% and 43.2% in the 20-mg weekly and 40-mg weekly groups, respectively [10] . In contrast, in a study of the 2011-2012 influenza season, the proportions of participants with clinical influenza were 3.9% (19/487), 3.7% (18/486), and 16.9% (81/478) for the 20-mg 2-day, 20-mg 3-day, and placebo groups, respectively, with protective efficacies of 77.0% and 78.1% for the 20-mg 2-day and 20-mg 3-day groups, respectively [9] . One reason for this is that the epidemic virus strains vary from season to season, with incidence rates differing by age. Notably, the number of patients infected with the influenza A(H1N1)pdm09 virus in the 2009 influenza pandemic season was very low in persons aged ≥30 years, and it was persons in this age group who comprised most of the study participants, and the study did not have sufficient statistical power to detect significance.
In both the vaccinated and unvaccinated subgroups in the 2014-2015 influenza season, laninamivir octanoate reduced the incidence of clinical influenza compared with placebo. Regardless of the vaccination status, laninamivir octanoate was shown to be effective as post-exposure prophylaxis. In the subgroup of participants who were first administered laninamivir octanoate less than 24 hours after the onset of symptoms in the index patient, the protective efficacy for participants in the LO-20TD group was higher than that for participants in the LO-40SD group. In the subgroup of participants administered the drug at least 24 hours after, the reverse was true. The reasons for this finding are unclear and further research is necessary. Our study had several limitations. First, the vast majority of the index patients were infected with influenza A(H3N2) and the number of participants whose index patient was infected with influenza A(H1N1)pdm09, seasonal influenza A(H1N1), or influenza B virus was small. Although nonclinical study results have shown that laninamivir octanoate is effective against the influenza A(H1N1)pdm09, seasonal influenza A(H1N1), and influenza B viruses [16, 17] , the efficacy against these virus types will need to undergo further evaluation. Second, the study design was different from the household influenza prophylaxis trial design recommended in the Food and Drug Administration guidance [18] . The randomization and analysis of this study were all done on an individual basis, not for the whole family. Our purpose was to evaluate the efficacy of laninamivir octanoate for those in close contact with an influenza patient in a household setting. Third, in this study we did not assess viral resistance to laninamivir octanoate. However, no decrease of neuraminidase inhibitory activity was found for laninamivir octanoate administration in investigations done in the 2010-2011 to 2013-2014 influenza seasons [19] [20] [21] [22] . Finally, we excluded children aged <10 years because their recommended dose regimen is different from that for patients aged ≥10 years. However, a parallel study of children aged <10 years in the 2014-2015 influenza season confirmed the efficacy of a single inhalation of 20 mg of laninamivir as postexposure prophylaxis (manuscript in preparation).
Our findings indicate that prophylaxis with laninamivir octanoate is an effective option for post-exposure prophylaxis in terms of its convenience and high compliance rate. A single inhalation of laninamivir octanoate may have great advantages over drugs that require daily administration, such as oseltamivir and zanamivir, particularly for healthcare workers in a pandemic setting. Further studies of prophylaxis are required for laninamivir octanoate use with persons at high risk of acquiring influenza, such as residents of nursing homes.
In conclusion, a single administration of 40 mg of laninamivir octanoate was effective as post-exposure prophylaxis to prevent the development of influenza through household contacts, as was the inhalation of 20 mg of laninamivir octanoate once daily for 2 days. Furthermore, both regimens were well tolerated.
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